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ABSTRACT
We have analyzed early Chandra High Resolution Camera observations of the starburst
galaxy M82, concentrating on the most luminous x-ray source. We find a position for
the source of R.A. = 09h55m50s.2, decl. = +69◦4046.6 (J2000) with a 1σ radial error of
0.7 and report detection of an x-ray oscillation with a period in the range 573–613 s.
The accurate x-ray position shows that the luminous source is not at the dynamical
centre of M82 or coincident with any suggested radio AGN candidate. The detection of
∼ 600 s oscillations excludes the possibility that the source is a supernova or remnant,
suggests that the source is a compact object, and can be used to place an upper bound
of 1.3 × 106 M on the mass of the compact object. The x-ray luminosity suggests
a compact object mass of at least 500 M. Thus, the luminous source in M82 likely
represents a new class of compact object with a mass intermediate between those of
stellar mass black hole candidates and supermassive black holes found in the centres of
galaxies.
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1 INTRODUCTION
One of the most enigmatic results to emerge from X-ray
population studies of spiral and other luminous star forming
galaxies is the discovery of unresolved X-ray sources which
appear to have luminosities factors of 10 to 100’s times
the Eddington luminosity for a neutron star (e.g. Roberts
& Warwick 2000; Zezas, Georgantopoulos, & Ward 1999;
Wang, Immler, & Pietsch 1999; Colbert & Mushotzky 1999;
Fabbiano, Schweizer, & Mackie 1997; Marston et al. 1995;
for a review of early results see Fabbiano 1988). The ori-
gin of such sources is controversial. Some are located near
the dynamical centre of the host galaxy, and hence may
be low luminosity AGN. However, many are well outside
the central regions of the galaxies, and hence an alterna-
tive explanation is required. Some of these highly luminous
x-ray sources may be very luminous supernova remnants
exploding into a dense interstellar medium (Fabian & Ter-
levich 1996). Finally, they may be accretion powered binary
sources, in which case they are excellent black hole candi-
dates with masses near or above 10 M (Makishima et al.
2000). Deciding between these various alternatives has been
complicated by the limited spatial resolution of pre-Chandra
X-ray missions.
One of the most extreme and controversial examples of
a highly luminous x-ray source in a nearby galaxy is the
bright X-ray source that dominates the central region of the
nearby starburst galaxy M82. Previous Einstein, ROSAT,
and ASCA observations have shown that this source is vari-
able and is close to the centre of M82 (Watson, Stanger, &
Griths 1984; Collura et al. 1994; Ptak & Griths 1999). It
has been interpreted as a low luminosity AGN at the dynam-
ical centre of M82 (Matsumoto & Tsuru 1999), a highly x-
ray luminous supernova (Stevens, Strickland, & Wills 1999),
and an accreting binary (Ptak & Griths 1999). In this pa-
per we discuss early Chandra observations of M82 made us-
ing the High Resolution Camera (HRC; Murray et al. 1997).
The central x-ray ‘source’ in M82 is resolved into several
sources in the HRC observations. We present an analysis of
the brightest Chandra source, and report detection of an
x-ray oscillation with a period of 600 s from an observation
when the source was particularly bright. Our results suggest
that this source is a black hole with a mass intermediate be-
tween stellar-mass Galactic x-ray binaries and supermassive
black holes. We describe the observations in x 2, the source
position and flux in x 3, our timing analysis in x 4, and
conclude in x 5.
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2 OBSERVATIONS
M82 was observed with the Chandra X-Ray Observatory
(CXO; Weisskopf 1988) using the High Resolution Camera
(HRC; Murray et al. 1997) and the High-Resolution Mirror
Assembly (HRMA; van Speybroeck et al. 1997) on 1999 Oct
28 04:24 UT to 14:48 UT for an exposure of 36 ks and on
2000 Jan 20 14:51 UT to 20:25 UT for an exposure of 18 ks.
The HRC is a microchannel plate imager having very good
spatial and time resolution, but essentially no energy resolu-
tion. Each photon detected by the HRC is time and position
tagged, making possible timing studies of individual sources
in crowded elds. The HRC contains a wiring error, discov-
ered after launch (Seward 2000), which induces a 3{4 ms
error in the event time tags for this observation. As we re-
strict ourselves to frequencies below 0.1 Hz, this error has
no eect on the analysis presented below. The HRC posi-
tion tags have a precision of 0.132, referred to as ‘one pixel’.
This resolution oversamples the Chandra point spread func-
tion (PSF) which has a half-power diameter of 0.76 (Jerius
et al. 2000). We used a 15.6 pixel radius to extract source
light curves.
We applied aspect to X-ray events from the HRC and
ltered the data using event screening techniques (Murray et
al. 2000) to eliminate ‘ghost’ events produced by the HRC
electronics. An image for each observation was generated
from the ltered event lists, see Fig. 1. We used the stan-
dard Chandra software routine wavdetect to search for and
determine the position of point sources (CIAO V1.1 Soft-
ware Tools Manual). We found several sources in each ob-
servation including both transients and persistent sources.
Here, we concentrate on the brightest source found. The
other sources, including spectroscopy from observations with
the Chandra Advanced CCD Imaging Spectrometer (ACIS;
Bautz et al. 1998), will be described in a forth-coming paper
(Ward et al. 2000).
3 POSITION AND FLUX
The brightest source in both observations is at a location
of R.A. = 09h55m50s.2, decl. = +694046.6 (J2000). Fol-
lowing the convention of naming sources in M82 via their
oset from R.A. = 09h51m00s, decl. = +695400 (B1950),
we refer to this source as X41.5+60.4 in the remainder
of the paper. For wider use, we also denote the source as
CXOU J095550.2+694046. The position uncertainty is dom-
inated by the accuracy of the aspect reconstruction which
we take to have a 1σ radial error of 0.7 (Aldcroft et al. 2000).
The source lies 9 from the kinematic centre of M82
(Weliachew, Fomalont, & Greisen 1984), 12 from the 2.2 µm
peak (Rieke et al. 1980), 3.9 from the very luminous su-
pernova remnant 41.95+57.5 (Kronberg & Wilkinson 1975;
Wills et al. 1997), and 13 from the suggested AGN candidate
44.01+59.6 (Wills et al. 1997; Seaquist, Frayer, & Frail 1997;
Wills et al. 1999). The 408 MHz radio flux at the position
of X41.5+60.4 is below 2 mJy (Wills et al. 1997). The ra-
dio source 41.31+59.6, which is likely a compact supernova
remnant (Muxlow et al. 1994; Allen & Kronberg 1998), lies
near the edge of the error circle. The highly variable radio
source 41.5+59.7 (Kronberg & Sramek 1985) lies within the
error circle. This radio source was bright in one observation












































Figure 1. The central region of M82 from the October 1999
observation. The contours were calculated using a counts map
with 0.53 pixels smoothed with a Gaussian with FWHM = 1.06.
The contours indicate 2.5, 5, 10, 40, and 160 counts per pixel in
the smoothed map. The position of X41.5+60.4 is marked with
an ‘X’. Crosses indicate positions of other sources.
in 1981 but not detected one year later or subsequently, and
has been interpreted as due to a supernova (Kronberg et al.
2000). However, as only one detection is available and unique
identication is not possible based on the radio spectral in-
dex alone; the source may belong to a dierent class of radio
transient (Muxlow et al. 1994).
X41.5+60.4 is highly variable. In the rst observation,
the HRC count rate from the source is 0.07 c/s, while in the
second it is 0.52 c/s { a factor of 7 brighter. In the rst obser-
vation, X41.5+60.4 accounts for roughly 40% of the counts
within 6, i.e. comparable to the resolution of the ROSAT
HRI, of the source position and only 8% of the counts within
4, i.e. comparable to the resolution of the ASCA SIS. In the
second observation, X41.5+60.4 accounts for more than 90%
of the counts within 6 and 40% within 4.
Using various spectral models consistent with the spec-
trum of this source extracted from a Chandra ACIS obser-
vation of M82 (Ward et al. 2000), we estimate that 1 c/s
in the HRC corresponds to an observed flux of 0.9 − 1.4 
10−10 erg cm−2 s−1 in the 0.2{10 keV band. The range in the
conversion factor is due to uncertainty in the ACIS spectral
ts. The source flux in the ACIS observation corresponds to
an HRC rate of 0.03 c/s, so the true conversion factors may
dier from these values if the source spectrum varies with
flux. The flux in the second observation is comparable to the
highest fluxes observed from the central source in M82 with
ASCA (Ptak & Griths 1999). Taking a distance to M82
of 3.63 Mpc (Freedman et al. 1994), the inferred isotropic
source luminosity from the absorbed flux in the two observa-
tions would then be 1.0−1.51040 erg s−1 in the 0.2{10 keV
band for the rst observation and 7 − 11  1040 erg s−1 for
the second. Correcting for absorption would increase these
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Figure 2. Light curve for the luminous source in M82 from the
HRC observation in January 2000. The time bin size is 85 s and
the data were smoothed with a 3-element moving boxcar aver-
age for presentation purposes. A typical statistical error bar after
application of the smoothing is shown. Two 600 s intervals are












Figure 3. Power spectrum for the luminous source in M82. The
power is Leahy normalized.
luminosities; conversely, the true luminosity may be lower if
the x-rays are beamed. These luminosities are near or above
the highest values found for non-nuclear sources in a ROSAT
sample of nearby galaxies (Roberts & Warwick 2000).
4 TIMING
For each observation, we extracted a light curve for
X41.5+60.4 and then performed a Fourier transform to
search for any possible periodicity. A light curve for the
January 2000 observation is shown in Fig. 2 and a power
spectrum in Fig. 3. There is a peak apparent near 1.69 mHz.
The duration of the observation is 17769 s, leading to a fre-
quency bin spacing of 0.056 mHz. The peak is not resolved
in the power spectrum, and we place a lower bound on the
coherence of Q = ν/ν > 30. The rms amplitude of the
oscillation is 6%. The power spectrum for the October 1999
observation shows no signicant peaks over the same fre-
quency range.
The Chandra spacecraft is subjected to dither, a regular
oscillation in pointing of the spacecraft, to spread the pho-
tons incident on the detector in order to prevent degradation
of the performance of the HRC due to excessive charge build-
up with a localized region of the detector and also (for both
the HRC and ACIS) to average the detector response for
an individual source over a large number of pixels (Chandra
Observatory Proposer’s Guide). Dither is a potential source
of spurious timing signals and the dither frequencies for this
observation are comparable to the frequency reported above,
so we expended signicant eort in the study of possible tim-
ing signals induced by the dither.
The Chandra dither consists of two distinct oscillation
frequencies, one producing a modulation in the detector X
coordinate and the other in the detector Y coordinate. Use
of unequal frequencies in the two axes produces a Lissajous
pattern of the source flux on the detector face. The dither
periods are commandable. For the January 2000 observation
the periods were 1086.96 s for X and 768.574 s for Y . We
veried that these were the actual periods during the obser-
vation by examining the position of the luminous source in
detector coordinates. There is a clear sinusoidal variation in
the source position in detector coordinates with a period of
1087 2 s for X and 769 2 s for Y .
The two dither frequencies are distinct from the fre-
quency reported above. However, in addition to the fun-
damental frequencies, the dither may also produce signals
at sums, dierences, and harmonics of the fundamentals.
The dither-derived frequency closest to the frequency quoted
above is twice the X dither frequency at 1.84 mHz. This fre-
quency diers from the signal frequency by 3 frequency bins
of the Fourier transform and, thus, is clearly resolved from
the observed signal. To search for other potential instrumen-
tal eects, we simulated observations of a source with con-
stant flux giving twice the count rate found from X41.5+60.4
in the January 2000 data using MARX (Wise et al. 2000)
and the aspect data for the January observation. We found
no signicant peaks in power spectra for the frequency range
0.0005{0.05 Hz in the simulated data.
To further study the eects of dither on timing analy-
sis of Chandra data, we varied the source extraction radius.
A systematic error in the calculation of the dither position
correction could lead to a situation where the motion of the
source across the detector is incorrectly tracked by the dither
correction. Thus, the location of the incident flux could vary
relative to the location of the source extraction region in a
manner correlated with the dither. Use of large extraction
regions in which the PSF and therefore the source flux at
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Figure 4. Power versus extraction radius for at the signal fre-
quency of 1.69 mHz (solid line) and at five frequencies associated
with dither (dotted lines) which are, in order of decreasing power
at r = 5.5, νx, νy−νx, νy+νx, νy, and 2νx, where νx = 0.920mHz
and νy = 1.301mHz are the X and Y dither frequencies, respec-
tively. The power is Leahy normalized.
the boundary of the region is only a small fraction of the
total flux minimizes such eects. Conversely, use of small
extraction regions should magnify such eects. In Fig. 4,
we plot the power at several frequencies associated with the
dither and also the power at the frequency quoted above for
circular source extraction regions with radii of 5{20 pixels.
The powers at the frequencies associated with dither are low
at large radii, become signicant only at radii less than 10
pixels, and tend to increase sharply at small radii. In con-
trast, the power of the putative signal is high at large radii,
is a maximum at moderate radii (where the signal to noise
for the source is best), and decreases at small radii (where
source photons are lost). The behavior of the putative sig-
nal is qualitatively dierent from the behavior of the signals
associated with dither.
To check for eects related to the overall detector re-
sponse, we generated a power spectrum for a region in-
cluding diuse emission and some point sources with a
total count rate from the region larger than 0.6 c/s. We
used a large region in order to have a high count rate and
thus sensitivity similar to that in the power spectrum of
X41.5+60.4. The power spectrum of the diuse emission
and other sources shows no signicant peaks. This gives ad-
ditional reassurance that the signal from X41.5+60.4 is not
spurious.
As the oscillation may be coherent, we performed a pe-
riodicity search using the Z2 or Rayleigh statistic (Buccheri,
Ozel, & Sacco 1987) in a frequency range near the peak de-
tected in the power spectrum. A peak value of 39.9 in the Z2
statistic occurs at a frequency of 1.67 mHz. Folding the data
at this frequency produces a roughly sinusoidal prole with
a pulsed rate of 0.0540.009 c/s, equivalent to a pulsed frac-
tion of 10% or an rms amplitude of 6%. A pulsation search of
the October 1999 data over the same frequency range leads
to an upper bound on the pulsed rate of 0.015 c/s (95%
condence).
5 DISCUSSION
The luminosity of X41.5+60.4 in the January 2000 observa-
tion, given the assumptions concerning the spectral shape
and isotropic emission noted above, corresponds to the Ed-
dington luminosity for a 500 − 900M object. The strong
variability between observations argues against this lumi-
nosity being due to an aggregate of sources. The detection
of a 600 s oscillation limits the physical size of the emitting
region to 600 lt s = 1.2AU and argues against origin in a
supernova or supernova remnant. We considered the possi-
bility that the oscillations are due to a transient x-ray pulsar
in M82; however, even the modulated flux alone is substan-
tially super-Eddington for an accreting neutron star and we
exclude this possibility on that basis. Soft gamma repeaters
(SGRs) produce sucient flux and periodic signals. How-
ever, the longest, bright, so-called \giant", outbursts from
SGRs last only  300 s over which they show substantial
decay (Hurley et al. 1999). The fact that X41.5+60.4 shows
no evidence of decay over 15 ks, see Fig. 2, argues against it
being a SGR. Origin of the high luminosity and oscillations
in a massive compact object appears plausible.
Quasiperiodic oscillations (QPOs) have been detected
from stellar mass black hole candidates (BHCs), with fre-
quencies in the 10 mHz { 300 Hz range, and reported from
active galactic nuclei (AGN) with much lower frequencies:
1.7  10−5 Hz for IRAS 18325-5926 (Iwasawa et al. 1998)
and 1.3  10−5 Hz for RX J0437.4-4711 (Halpern & Mar-
shall 1996). The frequency reported here lies between these
ranges and, since QPO frequency is generally thought to
scale inversely with compact object mass, may suggest the
presence of a compact object with a mass intermediate be-
tween the stellar mass BHCs and supermassive compact ob-
jects in AGN.
Assuming that the observed frequency cannot exceed
the maximum allowed Keplerian orbital frequency around a
Schwarzschild black hole, i.e. the orbital frequency at the
marginally stable orbit at rms = 6GM/c
2, we can place
an upper bound on the compact object mass of M =
M(ν/2198Hz)−1 = 1.3106 M. Beyond this upper limit,
deriving a rm mass estimate becomes somewhat problem-
atic due to the wide range of frequencies observed from stel-
lar mass BHCs. For example, GRO J1655-40 is a well studied
stellar mass BHC for which there is an accurate dynami-
cal mass determination of 7M (Orosz & Bailyn 1997) and
which shows QPOs at 300, 9, and 0.1 Hz and a variable fre-
quency QPO in the range 14{28 Hz (Remillard et al. 1999).
Comparison of the 1.67 mHz oscillation in X41.5+60.4 with
these QPOs and scaling mass with the inverse of frequency
(as is true for the maximum Keplerian orbital frequency)
would lead to mass estimates of 1.3 106 M, 4 104 M,
400 M, and 6− 12 104 M, respectively.
If we assume that the accretion disk physics and QPO
phenomenology of massive compact objects are similar to
those of stellar mass BHCs, then some progress can be made.
The QPO at 300 Hz from GRO J1655-40, corresponding to
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the maximum allowed orbital frequency, is observed only
when the luminosity exceeds LX  0.2LEdd (Remillard et al.
1999). If the 1.67 mHz oscillation in X41.5+60.4 corresponds
to this QPO, then the corresponding luminosity would be
LX  0.2LEdd = 3 1043 erg s−1, two orders of magnitude
higher than the observed value. A further argument against
identifying the oscillation from X41.5+60.4 with the maxi-
mum allowed orbital frequency is that the 300 Hz QPO has
a low rms amplitude, less than 1%, in strong contrast to the
rms amplitude of 6% seen in X41.5+60.4.
The strongest, narrow QPOs from Galactic BHCs tend
to have frequencies in the range 0.1{20 Hz (e.g. Takizawa
et al. 1997; Tomsick & Kaaret 2000) and somewhat lower for
more massive BHCs (Morgan, Remillard, & Greiner 1997).
These QPOs are often detected with rms amplitudes up to
15% and coherences up to Q  50, similar to the prop-
erties of the oscillation from X41.5+60.4. Comparison of
the 1.67 mHz oscillation in X41.5+60.4 with these QPOs
leads to mass estimates in the range 400 − 8  104 M.
These QPOs are seen in high (LX  LEdd) as well as low
(LX  0.02LEdd) luminosity states. Oscillation frequency is
unlikely to depend on beaming angle, so these mass esti-
mates are unaected by beaming of the x-rays. The low os-
cillation frequency seen from X41.5+60.4 suggests that the
high flux observed is not due to strongly beamed radiation
from a stellar mass BHC.
In conclusion, detection of a 1.67 mHz oscillation from
X41.5+60.4, the most luminous x-ray source in M82, rules
out the possibility that it could arise from a supernova and
places an upper bound on the potential compact object mass
of 1.3106 M. The accurate x-ray position determination,
made possible by the high angular resolution of Chandra, ex-
cludes identication with suggested radio AGN candidates
(Wills et al. 1997). The low radio flux at the x-ray position
and the displacement of the source from the dynamical cen-
tre of M82 argue against X41.5+60.4 being a supermassive
black hole similar to that seen at the centre of the Milky
Way. The flux from the source places a lower bound on the
compact object mass of 500 M if the emission is isotropic.
The most plausible explanation for the object is that it is
an accreting black hole with a mass of 500−105 M. In this
case, it represents a new class of compact object with a mass
intermediate between those of stellar mass black hole candi-
dates and supermassive black holes found in the centres of
galaxies. While there is a broad understanding of the forma-
tion of super-massive black holes in galactic centers and of
solar mass black holes, the formation and subsequent evolu-
tion of black holes with masses greater than 100 M outside
of the nuclear region presents a challenge for the theory of
the formation of compact objects (Taniguchi et al. 2000).
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